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ABSTRACT 



The flowfield about a Vertically-Launched Surface-to-Air Missile model 
at an angle of attack of 50° and a Reynolds number of 1.1x10 s was investi- 
gated in a low speed wind tunnel at the Naval Postgraduate School. The goal 
of this thesis is to determine the location and intensity of the asymmetric 
vortices in the wake of the VLSAM model and to display these vortices by 
velocity mapping and pressure contours. The two model configurations tested 
were for a cruciform missile with wings and tails; one at 0° roll angle ("plus" 
aspect) and the other at a 45° roll angle ("cross" aspect). Two flowfield 
conditions were treated: the nominal ambient wind tunnel condition and a 
condition with a grid-generated turbulence of length scale 1.08 inches and 
1.88% turbulence intensity. The turbulence length scale is 61.7% of the model 
diameter and 4.7% of the model length. The following conclusions were 
reached: 1) An increase in turbulence intensity tended to reduce the strength 
of the asymmetric nose-generated vortices; 2) the two asymmetric vortices 
remained in approximately the same position for an increase in turbulence; 3) 
"cross” aspect vortices were more diffused, slightly larger and centered 
further away from the model surface than those of the "plus" aspect body 
configuration, which correlates with the differences in induced side forces for 
these configurations observed by Rabang; 4) the top vortex of the two 
asymmetric vortices was closer to the model surface and appeared to be 
stronger for both configurations; and 5) the addition of wings and tails did not 
greatly alter the vortex pattern around the nose of the missile model. 
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I. INTRODUCTION 



A. BACKGROUND 

The development of the Vertical Launch Surface-to-Air Missile (VLSAM) 
has provided greater weapon system reliability, availability and flexibility 
over its predecessors. Earlier systems, such as trainable launchers and box 
launchers, were rather cumbersome and required excessive deck space, thus 
limiting the number of missiles per ship. Additionally, these systems were 
slow to reload since trainable launchers required cycling of rounds to get the 
desired one in position for launch, while box launchers were reloaded by 
hand. The vertical launcher provides for quick access to any round without 
cycling, rapid reloading and, due to its design and the fact that the missile 
blast is kept in a concentrated area near the launcher, it requires less deck 
space. [Refs. 1, 2 and 3] 

The VLSAM’s trajectory allows it to point to its target after launch and 
subsequently guide itself to the correct heading. Its aerodynamic characteris- 
tics may significantly change as it operates from subsonic to supersonic 
speeds during the launch, midcourse and terminal phases of its flight. [Ref. 2] 
The varying flight control requirements and the airflow about the missile 
during these phases provide for different flight regimes. 

When launched, the VLSAM enters an open ocean environment and is 
subject to potentially significant cross-winds, the result of which is a missile 
flying at relatively low velocities at a high angle of attack. [Refs. 1 and 2] In 
particular, an example of this low velocity/high angle of attack condition is 
the Standard Missile 2— Block 4, or AEGIS Extended Range version, which 
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has an added sustainer section and leaves its launcher at a much lower speed 
than the unboosted SM-2 version. A missile flying at relatively low velocities 
at a high angle of attack may bring with it the formation of asymmetric 
vortices about the missile nose and afterbody which can generate unpre- 
dictable and undesired side forces, thereby affecting overall missile flight sta- 
bility. The airflow around a ship’s superstructure, the ocean surface condi- 
tions and the atmospheric boundary layer conditions during launch may also 
provide turbulent flow over the missile. [Ref. 2] The advent of the VLSAM 
and the desire to have highly maneuverable supersonic missiles have 
increased the need for further studies in high angle of attack research under 
various flowfield conditions. 

This thesis continues experiments and research conducted to date at the 
Naval Postgraduate School (NPS) to understand the effects of turbulence on 
the VLSAM aerodynamic characteristics. Previously, Roane [Ref. 1] developed 
a system model to measure flowfield turbulence through the use of four dif- 
ferent grids which generate varying turbulence levels in the NPS low speed 
wind tunnel. Rabang [Ref. 2] studied the effects of this turbulence on the 
asymmetric vortex forces on the missile model. Lung [Ref. 3] determined the 
location and intensity of the asymmetric vortices in the wake of the model by 
experimental flowfield measurements about a body-only missile configuration 
with and without freestream turbulence. Similarly, the goal of this study is to 
determine vortex locations and intensities, through a series of wind tunnel 
experiments, for two missile configurations, both with and without turbu- 
lence. The configurations considered are for a cruciform missile with wings 
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and tails; one at 0° roll angle ("plus" aspect) and the other at a 45° role angle 
("cross" aspect). 

B. HIGH ANGLE OF ATTACK AERODYNAMICS 

In high angle of attack aerodynamics, flow separation from the body, 
wing and tail surfaces is important due to the strong normal and side forces 
which may be generated. Major factors which influence flow separation are 
nose shape, angle of attack, crossflow Reynolds number and nose fineness 
ratio. Other factors include roll angle and roll rate, free stream turbulence, 
surface roughness, acoustic environment and VLSAM model vibrations 
[Ref. 4]. 

1. Aerodynamic Regimes 

As the angle of attack, «, of a slender body of revolution ranges 
from 0° to 90°, there are at least four distinct airflow regimes through which 
the missile body transitions. [Ref. 4] 

(1) Regime I (0°< «= < 5°): At very low angles of attack, the axial flow domi- 
nates and there is no discemable boundary layer separation (flow is 
attached). 

(2) Regime II (5°< « < 20°): At intermediate angles of attack, boundary 
layer separation occurs on the lee side of the body. This becomes a free 
shear layer which rolls up into a symmetric vortex pair that is steady 
with time. No side forces or yawing moments are induced. 

(3) Regime III (20°< « < 60°): At high angles of attack, crossflow effects 
start to dominate and vortices are now shed asymmetrically. These 
vortices induce side forces (out-of-plane forces) and yawing moments. 
The more asymmetric the vortex, the greater the side force magnitude. 
There are some flow instabilities toward the higher end of this angle of 
attack range. 
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(4) Regime IV (60°< « < 90°): At very high angles of attack, the crossflow 
completely dominates and flow separation is unsteady. The Reynolds 
number, Mach number and geometry determine whether the boundary 
layer is shed as a von Karman vortex street or a random wake-like 
flow. [Refs. 1, 2 and 3] 

Figure 1 shows sketches of all four vortex-generation regimes. 
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Figure 1. Airflow Regimes [Ref. 2] 
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2. Asymmetric Vortex Theory 

The principal cause of the formation of asymmetric vortices is still 
not completely understood and may be attributed to many factors. One idea is 
that boundary-layer-induced asymmetry in the location of flow separation 
causes the vortex flowfield to become asymmetric. These boundary layer 
asymmetries may result from transition and separation differences on each 
side of the missile body. Another proposition is that a hydrodynamic (inviscid) 
instability in the pair of initially symmetric vortices causes the asymmetry. 
[Refs. 5, 6 and 7] These vortices, which increase in strength with angle of 
attack, interact with the surrounding potential flowfield to provide the 
asymmetric configuration. A vortex-switching phenomenon has also been 
observed in which the vortex pattern rapidly switches from an almost sym- 
metric to a highly asymmetric configuration, which may possibly relate to a 
second inviscid solution in the leeward flowfield. [Refs. 8 and 9] At any rate, 
even though their major cause has not been determined, the behavior of 
asymmetric vortices has been well documented for a large number of models 
and shapes. 

Nose-generated asymmetric vortices appear in the flowfield around an 
ogive-nosed, slender, cylindrical body. The vortex formation occurs along the 
entire body length and induces a significant side force on the body. Figure 2 
shows this vortex flow along the length of an unyawed, slender nose cylinder. 
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Figure 2. Vortex Flow About a Slender Nose Cylinder [Ref. 1] 



3. Two-Dimensional Crossflow 

Airflow over a slender body can be divided into normal and axial 
components. Axial flow is along the missile body length while crossflow is 
essentially a two-dimensional flow normal to a cylinder. The crossflow 
analogy provides information for cylinder lift and drag which act in the 
crossflow direction. Depending on the type of flow separation on either side of 
the cylinder, side forces (at right angles to the crossflow) may exist. [Ref. 2] 

Boundary layer transition and separation mechanisms may provide 
an explanation for flow separation and subsequent asymmetric vortex genera- 
tion. The primary factor which influences the separation location of the 
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boundary layer is the crossflow Reynolds number. Other factors include sur- 
face roughness and turbulence. 

Flow around a cylinder in incompressible flow can be classified into 
four regions, represented by differing flow separation and drag behavior, as 
depicted in Figure 3. [Refs. 10, 11 and 2] In the subcritical range, the bound- 
ary layer is laminar and flow separation occurs close to the lateral meridian 
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where the angle (<{>) from the crossflow direction varies from 80° to 90°. 
[Ref. 12] In the critical Reynolds number region, a drag bucket is produced. 
The laminar boundary layer separates from the body at <]) « 90° and reat- 
taches as a turbulent boundary layer which is more energetic. Separation is 
delayed to <f> = 140°, resulting in a reduction of the drag. [Ref. 3] A laminar 
bubble is formed between the laminar separation and the turbulent reat- 
tachment. At this point, the flow separation may easily fluctuate from critical 
to subcritical for small changes in Reynolds number. From Figure 4 [Ref. 10], 
when critical separation exists on one side of the body while subcritical sepa- 
ration is on the other, a large difference in <{> is possible. Therefore, vortices 
will be at maximum asymmetry and the side force at the highest magnitude. 
Since maximum side force occurs at the critical Reynolds number, it is a 
noteworthy parameter. [Ref. 13] 

As the Reynolds number is further increased, turbulent separation 
moves forward to <{> < 140° and the laminar bubble no longer exists. At 
<}> > 140°, asymmetric vortices are ineffective at producing a significant side 
force, thus the sudden decrease in magnitude (C y /C n ) as shown in Figure 4. 
For supercritical and transcritical Reynolds numbers, the laminar transition 
point moves towards <|) = 0° and turbulent separation occurs at <> = 100°. The 
asymmetric transcritical separation point moves towards the lateral merid- 
ian, where the vortices once again produce a significant side force. [Refs. 5 
and 2] The Reynolds number provides the greatest influence on the normal 
force and drag characteristics, particularly within the critical range where 
the maximum normalized side force and maximum vortex asymmetry occur. 
[Ref. 12] 
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Figure 4. Side Force to Normal Force Ratio [Ref. 5] 



Another study by Lamont [Ref. 14] describes a different effect of 
Reynolds number on the maximum side force as illustrated by Figure 5, 
where the side force at an angle of attack of 55° is plotted. The maximum side 
force falls from a high value at laminar separation to almost zero in the 
middle of the transition region before climbing again to higher levels at fully 
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Figure 5. Effect of Reynold's Number of Maximum 
Side Force at « = 55° [Ref. 14] 



turbulent separation. Thus, there appears to be two different mechanisms for 
producing asymmetric flow and, hence, a side force on an ogive-cylinder. One 
mechanism operates in both the laminar and the fully turbulent separation 
regimes, in which the side force results from asymmetric vortex patterns in 
the wake of a body. The other mechanism occurs only in the transitional 
separation regime. Here, the Reynolds number at which the near-zero side 
forces were recorded, is the same range of Reynolds number in which the 
minimum drag coefficient on a 2-D cylinder occurs and in which no coherent 
vortex shedding can be detected. 
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4. Three-Dimensional Vortices 

The missile nose geometry is an important factor in vortex genera- 
tion and disposition since vortices shed at the nose tend to dominate other 
vortices along the body length. [Ref. 15, 8 and 16] 

Nose-generated vortices are sensitive to the nose roll angle due to 
surface imperfections and nose geometric deviations [Ref. 17]. Rabang varied 
the roll angle in 45° increments and investigated the resulting side force coef- 
ficients, shown in Figure 6. The vortex system generated by the nose domi- 
nates afterbody vortices for body configurations with and without wings 
regardless of the turbulence conditions [Refs. 2, 18, and 19]. 




Figure 6. Side Force Variations With Nose Roll Angle [Ref. 2] 
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Nose geometry may be pointed or blunt for cones and ogives. For 
pointed noses, angle of attack for the onset of asymmetric vortices ( oc av) is a 
function of the semi-vertex angle (0a). Asymmetric vortices start at the nose 
and are rapidly shed, yielding unsteady side forces. [Ref. 3] At all Mach 
numbers, asymmetric vortex shedding starts when oe AV is greater than 0 a- 
For a conical nose: 

0 a ~ “av/ 2 (approximation) (1) 



For a tangent ogive nose: 



0. = tan 
A 



-1 



V d 



yd-0.25 



( 2 ) 



where In is the nose length and d is the base diameter, or 

0A = Wd (approximation) (3) 

Nose fineness ratio also affects the asymmetric vortex induced side 
forces in that as this ratio increases, the side force also increases. With an 
increasing ratio, both the nose apex angle (0a) and the angle of attack for the 
onset of asymmetric vortices («av) will decrease, making the missile more 
susceptible to induced side forces at lower angles of attack. [Refs. 15 and 20] 
Decreasing nose fineness ratio has been found to be more beneficial in reduc- 
ing side forces than blunting the nose [Ref. 15]. Side force decreases with an 
increasing Mach number to nearly zero at supersonic speeds [Refs. 18 and 
21 ]. 
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C. TURBULENCE 



Turbulence denotes the presence of random, short duration variations in 
a flowfield with a given mean velocity. When calculating turbulence effects on 
a body in the flowfield, a comparison between the scale of the body and that of 
the turbulence must be made. The energy in the turbulence flowfield should 
also be considered. [Ref. 1] 

Turbulence intensity, T u , is the measure of the relative magnitude of 
velocity fluctuations in the flowfield. For a horizontal flowfield or crosswind, 
it is the ratio of the root-mean-square (rms) velocity fluctuation, u', to the 
mean velocity component in the flowfield, U««. 

T u = u'/Uoo (4) 

Turbulence length scales describe the time-averaged measure of the size 
of the constantly changing fluid disturbance eddies. An increase in the spatial 
length of the turbulence corresponds to an increase in the time the body is 
exposed to the fluctuation. Large and small scale turbulence length scales are 
both found in a flowfield. 

From a single source, the cascade effect produces turbulence eddies of 
different length scales. This "cascade" effect is caused by a strain in one direc- 
tion (x, y, z plane) which affects the orthogonal components due to the conser- 
vation of angular momentum. For example, an increase in the x and y velocity 
components of a vortex rotating in the x-y plane will have an effect on the ve- 
locity and length scales of the y-z components. [Ref. 1] Cascading continues 
until the smaller eddies disappear due to the viscosity. As turbulence 
decreases, the energy transfer decreases and the individual intensities of 
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each eddy will decrease at a faster rate. [Ref. 22] Thus, the larger scale turbu- 
lence predominates. 

The length scale to body size ratio may determine the manner in which 
turbulence affects the VLSAM flowfield. It may be compared to missile 
length, Lu:L], or missile diameter L u :Ld. [Refs. 1 and 2] 

For length scales much greater than the body, L u »Li, the effect is like a 
steady-state flowfield, where deviations in speed and direction would be of 
long duration. The flowfield effects on vortex development are mainly domi- 
nated by the same factors and conditions as for a two-dimensional cylinder. 

In contrast, unwanted rolling, pitching and yawing motion of the body is 
primarily caused when the turbulence length scale is comparable to the body 
length, Lu=Li. [Ref. 23] The flowfield is distinctly non-steady for this case. 

When the length scale is of a dimension much smaller than the body, 
most significantly, when it is smaller than the missile diameter, L u «Ld, it 
has a magnitude comparable to the boundary layer thickness on the missile 
surface. Thus, boundary layer development and flow separation over the body 
may be affected by the presence of small scale turbulence. An increase in tur- 
bulence intensity with a length scale on the order of the boundary-layer scale 
tends to reduce the magnitude of induced side forces. [Refs. 2, 24, and 25] A 
goal of the current investigation is to determine the effect of vortex-scale 
turbulence on the asymmetric vortices and resulting induced side forces. 

D. LIFTING SURFACE EFFECTS 

The complete vortex structure of the missile is a net result of the indi- 
vidual contributions from the body, wings, strakes and tails. In general, mis- 
siles use low aspect ratio wings (when compared with aircraft). Since some 
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missiles have wing spans that approach body diameter, it is important to 
consider the joint effects from a wing-body combination. Nose vortices dictate 
flow behavior over a missile body at high angles of attack and, consequently, 
these vortices may also be felt by the wings. Nose and body vortices move 
away from a missile body without wings but, when wings are added, they 
move closer to the body. This result is comparable to increasing the effective 
angle of attack causing unsteady asymmetric vortices. For wings with low 
aspect ratio, a major portion of the lift produced by the wing will be a result of 
vortex lift. The net effect of the wing-body combination appears to be a reduc- 
tion in the effective angle of attack for the onset of asymmetric vortices and 
side forces. [Refs. 2, 3, and 26] 

Vortex lift effects are improved by incorporating strakes with low aspect 
ratio wings. The strakes produce additional strong vortices. Some researchers 
have found that placing long strakes on a missile would induce interference 
with the crossflow component around the body, thus decreasing the effect of 
the forces and moments generated by asymmetric body vortices. [Ref. 6] 
Rabang has shown that the addition of typical VLSAM wings and strakes 
tend to preserve the induced side force for all levels of turbulence intensities 
and length scales. [Ref. 2] 

The addition of tails has a minor influence on forebody flowfields and 
maximum side forces, in particular, at low angles of attack. At higher angles 
of attack, nose and wing vortices may have a slight effect on the tailflow, 
depending on the wing placement and afterbody length between the wings 
and tails. 
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E. VLSAM LAUNCH ENVIRONMENT 
1. Marine Environment 

Turbulence conditions which exist within the atmospheric boundary 
layer (ABL) may significantly impact the VLSAM. The ABL is the lowest por- 
tion of the atmosphere and is formed by its interaction with the surface over 
which it flows. Turbulence in this layer is the result of the transfer of heat, 
momentum and mass. 

The surface layer, the lowest segment of the ABL, can vary in 
height from 5 to 200 meters but is typically on the order of 50 meters. It is 
also characterized by mechanically produced, small-scale turbulence resulting 
from surface roughness or friction from waves on the ocean surface. This 
small-scale turbulence is larger than the missile length. This region is 
described by variations in wind speed, nearly vertical heat and mass fluxes, 
and other meteorological fluctuations with height. [Refs. 27 and 23] Further- 
more, the majority of the flow in the surface layer itself can be considered 
horizontally homogeneous and two-dimensional [Ref. 23]. 

A measure of the roughness of the surface is called the roughness 
length, Z 0 , which is a function of the mean wind velocity at various heights 
above the surface. By combining the roughness length with the elevation and 
wind speed, both the turbulence intensity and length scale can be empirically 
determined. [Refs. 2, 3 and 28] Typical open ocean surface roughness lengths 
are in the range of 0.001<Z o <0.01, with Z 0 in meters. For a 10 meter elevation 
and a mean wind speed of 25 m/sec in a neutral atmosphere, turbulence 
intensities may range from 13 to 17 percent. [Ref. 28] The longitudinal 
turbulence length scale would then range from 262<L U <295 feet (80<Lu< 90 
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meters). Therefore, for a typical missile with a 1.1 foot diameter, the 
turbulence length scale to missile diameter length scale ratio is L u :Ld~280:l. 
[Ref. 28] This represents a length scale very much larger than a conventional 
missile length and, therefore, would have little effect on its boundary layer 
development. However, the cascade effect from large scale turbulence and 
from crosswind interaction with a ship's superstructure allows length scales, 
initially much larger (85 meters) than the dimension of a missile, to decrease 
(cascade) to scales where they could affect the missile boundary layer 
development and the development of vortices from the missile nose. The 
actual amount of such small-scale turbulence present in the marine 
atmosphere is largely unknown, however. [Ref. 23] 

2. Launch and Crosswind Velocities 

A typical VLSAM at launch (vertical velocity = 164 fVsec) is still 
well within the surface layer environment and is subject to both crosswind 
and turbulence effects. [Ref. 29] Crosswind velocity depends on both the 
ambient wind speed and the speed of the launch platform. A ship speed of 20 
knots with a head wind of 20m/sec, combined with the VLSAM launch 
velocity, results in an effective angle of attack of 31° at 191 ft/sec, which 
places the missile in the asymmetric vortex region (Regime III) almost imme- 
diately after clearing the exit plane of the launcher, 0.2 seconds after launch. 
[Refs. 1 and 2] 

When the missile first leaves its launcher it will experience an even 
greater effective angle of attack due to its slower velocity. A ship's hull and 
superstructure can dictate changing flow fields and turbulence at this initial 
launch altitude. The ship airwake may increase crosswind velocities and 
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cause significant crosswind gradients in the flowfield, thus increasing turbu- 
lence intensities while decreasing turbulence length scales. [Ref. 2] 

Later in its launch profile, when the VLSAM pitches over towards a 
target, it may reach effective angles of attack of up to 50°. [Refs. 2 and 30] 
Thus, during the launch phase there exists a definite possibility of asymmet- 
ric vortex induced side forces on a VLSAM. 

3. Additional Launch Considerations 

During launch, a missile is influenced by many factors which are 
dependent on missile design, ship's orientation, launcher mechanics and 
missile flight control. Shipboard roll, pitch and yaw are directly transmitted 
to the launch platform and must be taken into account. Inherent factors, such 
as the plume (jet) effect of the missile's engine and blast effects of the vented 
exhaust gases, can also affect VLSAM aerodynamics. Exhaust gases can 
impinge directly on the missile surfaces or they can impact the flowfield in 
which the missile is launched, especially if the gases are vented upward into 
the vicinity of the accelerated missile. [Ref. 1] The manner in which control 
systems respond to missile orientation changes is another factor. Should the 
missile change its flight attitude, the flowfield around it will also be altered. 
Obviously, the considerations discussed in this section are not all-encompass- 
ing. There are many other factors that affect missile flight behavior during 
launch, but they are beyond the scope of this thesis and will not be included. 
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II. EXPERIMENT AND PROCEDURES 



A. PURPOSE 

In this study, the location and intensity of asymmetric vortices in the 
wake of the VLSAM model were determined for varying levels of turbulence. 
This turbulence was generated by the placement of a series of grids in the 
wind tunnel. The vortices were displayed by velocity mapping and pressure 
contours. To accomplish this, wind tunnel flowfield pressure measurements 
were taken for a specified survey grid using a scanivalve/probe data acquisi- 
tion system. 

Figure 7 [Ref. 3] shows the planar survey grid, the x-y plane, which was 
perpendicular to the freestream velocity and located 10.5 inches downstream 
from the missile model's nose. The model body was centered on the y dimen- 
sion. For the actual data acquisition runs, 23 points were measured in the y 
direction. There were 11 points above and below the model centerline, with 
point 12 directly at the centerline. Along the x axis, 13 points were measured, 
the x-y dimension for the experiment was 3x5.5 inches, with a step distance 
(increment) of 0.25 inch (22x0.25=5.5 and 12x0.25=3 inches). This dimension 
covered the main portion of asymmetric vortices. 

Pressure measurements were obtained by the 5-hole probe throughout 
the survey plane. The data from the pressure probe was reduced through the 
use of computer programs to obtain isobars of total pressure coefficient and 
static pressure coefficient, and to map the crossflow velocity vectors. These 
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Figure 7. The Planar Survey Grid [Ref. 3] 
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results were correlated with the force measurements of Rabang and with the 
previous experiments by Lung to provide a greater understanding of the 
vortex flowfield. The following sections further discuss the equipment and 
software used, and the experimental procedures followed. 

B. APPARATUS 

Information about the construction, specifications and configurations of 
the major pieces of equipment used in this study is described in this section. 

1. Wind Tunnel 

The low-speed, single return, horizontal-flow tunnel located in 
Halligan Hall at NPS was utilized. (Figure 8, [Ref. 31]) . It is powered by a 
100 horsepower electric motor coupled to a three-blade variable-pitch fan via 
a 4-speed Dodge truck transmission. Aft of the fan blades are a set of stator 
blades which help straighten flow. Two fine wire mesh screens located up- 
stream of the settling chamber plus turning vanes at all four comers reduce 
turbulence. A heavy wire screen behind the test section prevents foreign 
object damage to the fan blades. [Refs. 1, 2 and 31] The tunnel is 64 feet long 
and ranges from 21.5 to 25.5 feet wide. 

The wind tunnel test section measures 45 inches by 32 inches. The 
walls diverge slightly to prevent reduction in freestream pressure due to 
boundary layer growth. The settling chamber area to test section area 
contraction ratio is approximately 10:1. Comer fillets, which house the fight- 
ing, reduce the section area from 10 ft 2 to 9.88 ft 2 . Fillets are found at wall 
intersections throughout the tunnel to help reduce boundary layer effects. 
[Ref. 31] 
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Figure 8. Naval Postgraduate School Wind Tunnel [Ref. 31] 



A reflection plane installed in the test section reduces the available 
height to 28 inches. A flush-mounted turntable allows for changes in model 
pitch angle or angle of attack via a remotely controlled electric motor beneath 
the tunnel. Since the test section operates at atmospheric pressure, breather 
slots are installed around the tunnel perimeter to replenish air lost through 
leaks and to ensure a uniform test section pressure. The tunnel was designed 
to provide test section velocities of up to 290 fVsec. [Ref. 31] 
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Wind tunnel temperature is measured by a dial thermometer 
extending into the settling chamber. Dynamic pressure is measured by the 
static pressure difference between the test section and the settling chamber 
using a water filled manometer. The static pressure is measured by four pres- 
sure taps located upstream from the test section to avoid interference from 
the model. These taps are connected via a common manifold prior to feeding 
into the manometer. Pressure differences are measured in centimeters of 
water. Equation (5) is used to convert to the actual wind tunnel velocity. 



[Ref. 3] 




(2X2.0475) (P^O) 
(K)(p) 



(5) 



where: 

U m = measured velocity (ft/sec) 

2.0475 = conversion factor 
P C m H 2 O = manometer reading 
K = calibration factor (for specific grid) 
p = air density (lb/ft 2 ) 

2. Turbulence- Generating Grids 

Four grids are used to create turbulence of varying intensities and 
length scales. Each is mounted in a wooden frame and placed 73 inches for- 
ward of the pivot axis of the model support system (see Figure 9). Three of the 
grids are constructed from wood and the fourth is made of wire. Grid specifi- 
cations are listed in Table 1 and are shown in Figure 10. They are 
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Figure 9. Planview of VLSAM Model With Pressure Probe and Grid In the 
Test Section of the Wind Tunnel (not drawn to scale) [Ref. 2] 
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TABLE 1. GRID SPECIFICATIONS [REF. 2J 



Grid 


Mesh Width (in.) 


Bar Diameter (in.) 


Mesh/Diameter 


Material 


One 


5.00 


1.00 


5 


Wood 


Two 


3.75 


0.75 


5 


Wood 


Three 


2.50 


0.50 


5 


Wood 


Four 


1.00 


0.0625 


16 


Wire 
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square-mesh square-bar biplanar grids which generate nearly isotropic homo- 
geneous turbulence. [Ref. 29] Roane measured turbulence intensities and 
estimated length scales, shown in Figures 11 and 12. [Ref. 1] The grid turbu- 
lence parameters taken by Roane are summarized in Table 2. Grid turbulence 
effects, with respect to changing length scales at constant intensity or con- 
stant length scales with changing intensities, can not be investigated with the 
present grid geometries. [Ref. 3] Figure 13 shows photographs of the grids. 




Figure 11. Grid Turbulence Intensities (dashed line indicates 
model pivot axis) [Ref. 2] 
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TABLE 2. GRID TURBULENCE PARAMETERS 
(AT MODEL PIVOT AXIS) [REF. 1] 



Grid 


Intensity 

(percent) 


Length Scale 
(in.) 


Turbulence/ 
Model Dia. 


Dynamic Pressure 
(lb/fF) 


One 


3.31 


1.84 


1.05 


15.35 


Two 


2.78 


1.56 


0.89 


s! 

bo 

oo 


Three 


1.88 


1.08 


0.62 


16.38 


Four 


0.47 


0.27 


0.15 


15.61 


None 


0.23 


- 


' - 


' 15.85 
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Figure 13. Turbulence-Generating Grids 
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3. VLSAM Model and Support Equipment 



The model was designed to represent a current cruciform tail-con- 
trol missile with very low aspect ratio wings (long dorsal fins). It was con- 
structed from 6061 and 2024 aluminum alloy by NPS personnel. [Ref. 1] 

The hollow cylinder body section contains locating pin attachment 
points for the balance, sleeve, wings and tails. The machined sleeve provides 
a close tolerance fit between the balance gage and the interior of the model. 
[Ref. 3] Both body roll angle and nose roll angle may be varied in 45° incre- 
ments. The wings with strakes and the tail control fins are rigidly connected 
to the model body by countersunk screws. Figure 14 depicts the dimensions 
and specifications of the VLSAM model. [Ref. 2] The model's surface is 
polished and free of protruberances. 

The model support is rigidly fixed in the test section by the reflec- 
tion plane turntable at the base and an aluminum reinforced clear plexiglass 
section at the top. The pivot point of this rotating support coincides with the 
approximate center of the VLSAM model. The plexiglass has three slots (7-, 8- 
and 10-inches long) cut in it, each 5/4 inches wide. These slots correspond to 
the positions of model length to diameter ratios of 3, 6 and 9; i.e., 5.25, 10.5 
and 15.75 inches from the nose. [Refs. 2 and 3] 

4. Velmex 8300 3-D Traverser 

The Velmex 8300 is composed of a motor controller assembly and a 
traversing assembly, and uses three microcomputer-controlled stepping 
motors (one for each axis of movement). The motor controller assembly is 
capable of interpreting motor movement commands from a host computer, 
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Total length 
Base diameter 
Length/diameter ratio 
Ogive nose length 
Ogive/diameter ratio 
Wing span/root chord 
Tail span/root chord 
Center of pressure 



22.85 in. 

1.75 in. 

13.06 
4.0 in. 

2.29 

3.13 in./ 13.55 in. 

5.50 in./ 1.70 in. 

13.5 inches aft of nose tip (approx.) 




NAVAL POSTGRADUATE SCHOOL 
SURFACE-TO-AIR 
MISSILE MODEL 




Figure 14. Specifications of VLSAM Model [Ref. 2] 



programmable control or terminal. Software commands allow the operator to 
select motor variables such as velocity, acceleration, increment distance and 
units (motor steps or inches). [Ref. 32] 
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The stainless steel and aluminum traverser assembly (Figure 15) 
consists of three separate motor/jackscrew assemblies. 




Figure 15. Velmex 8300 Traversing Assembly 



The traverser was mounted to existing hardware on top of the tun- 
nel so as to minimize tunnel-induced vibrations. A 5-hole pressure probe, 
attached to the 8300 control drive, can be accurately and effectively moved 
through the test section. 
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5. 5-Hole Pressure Probe 



The three-dimensional 5-hole probe, Figure 16 [Ref. 33], is made of 
corrosion resistant non-magnetic stainless steel. It is 0.125 inch in diameter 
and 24 inches in total length with 22 inches of reinforcement tubing. The 
probe has five measuring holes located on its prism-shaped tip. A centrally 
located hole (Pi) measures total pressure, while two lateral pressure holes 
(P2, P3) are used to determine yaw angle of flow. Pitch angle is determined by 
pressure holes (P4, P5) located above and below the total pressure hole. The 
probe is usable for speeds up to Mach 0.7. 

The speed of reading depends on the length and diameter of the 
pressure passage inside the probe, the size of the pressure tubes to the 
manometer, and the displacement volume of the manometer. [Ref. 33] For 
smaller diameter tubes, the time constant increases rapidly. For this experi- 
ment, the tube diameter was 1/4-inch O.D. and the tube lengths were three 
feet, so the time delay was about 0.15-0.26 second. [Ref. 3] 

6. Scanivalve and HP Data Acquisition System 

One 48-port scanivalve was used to measure each of the 5-hole 
probe pressures. The Hewlett-Packard (HP) data acquisition system consists 
of a combination of hardware and software that enables the IBM PC-AT com- 
puter to act as a fully automated instrumentation system. [Ref. 34] Individual 
instruments include the Relay Multiplexer, Digital Multimeter and Relay 
Actuator. 
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1-1/34" x 1/2" 




Figure 16. The 5-Hole Pressure Probe and Measuring Tip [Ref. 33] 



The scanivalve mechanism puts out a 7-bit binary coded decimal 
(BCD) signal that corresponds to the port (1-48) currently connected to the 
scanivalve transducer. This allows remote electronic monitoring of the port 
assembly configuration. [Ref. 3] The scanivalve consists of a transducer, 
motor drive, port assembly and solenoid controller, which actually regulates 
the scanivalve. Two commands allowed by this solenoid are STEP, which 
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